ABSTRACT: White matter microstructural changes can be detected with diffusion tensor imaging. It was hypothesized that diffusion parameters in the posterior limb of the internal capsule (PLIC) and corpus callosum (CC) bundles in preterm infants at term equivalent age (TEA) were associated with neurodevelopment at 2 y corrected age. In 67 preterm infants, fiber tracking was performed at TEA for the CC and both PLIC bundles. Volume, length, fractional anisotropy (FA), mean diffusivity, axial diffusivity, and radial diffusivity were determined for the three bundles. These parameters were assessed in relation to outcome on the Bayley Scales of Infant and Toddler Development III. In girls, volume and length of the CC bundle and right PLIC bundle volume were associated with cognition. In boys, volume, FA, mean and radial diffusivity, and length of the left PLIC were associated with fine motor scores. Correction for GA, birth weight, intraventricular hemorrhage, white matter injury, and maternal education did not change the results. Fiber tracking parameters in the PLIC and CC bundles in preterm infants at TEA revealed different associations with neurodevelopment between boys and girls. This study suggested that fiber tracking is a useful method to predict neurodevelopment in preterm infants. (Pediatr Res 70: 626-632, 2011)
P reterm infants are susceptible to brain injury, mainly intraventricular hemorrhages (IVH) and white matter (WM) injury (1) . Abnormal MRI findings have been shown to be related to impaired neurodevelopment in preterm infants (2,3). Conventional MRI is commonly performed to assess WM injury. However, outcome has been noted to be abnormal in the absence of abnormalities on conventional MRI (4) . Therefore, more objective analysis of (subtle) brain injury may be needed with more advanced methods to understand the underlying pathology and subsequent neurodevelopment in children born prematurely.
Diffusion tensor imaging (DTI) can be used to assess brain connectivity (5) . DTI describes the diffusion of water molecules in tissues and is assumed to reflect the direction of the underlying microstructure (6, 7) . With fiber tracking, it is possible to reconstruct and visualize the underlying linear structure defined by the diffusion tensor (7) . WM maturation is accompanied by an increase in fractional anisotropy (FA) and a decrease in apparent diffusion coefficient (ADC) (8) . In preterm infants, lower FA and higher ADC values in WM have been described before abnormalities were seen on conventional MRI (9) . In addition, the expected increase in FA and decrease in ADC values failed to appear in infants with WM injury (10) .
It has been hypothesized that boys and girls show variations in brain development and men should have more numerous, smaller neuronal units; however, they display less neuronal processes compared with females (11) . In addition, gender differences in diffusion parameters have been described previously (12, 13) . Information regarding the relationship between diffusion parameters around term equivalent age (TEA) in preterm infants and neurodevelopment is scarce. Lower FA values in the posterior limb of the internal capsule (PLIC) assessed between birth and TEA in preterm infants were related to an impaired neuromotor development at 18 -24 mo (14 -16) . ADC values in the WM illustrated a negative relationship with the Griffiths' developmental quotient at 2 y (17) . In most studies, diffusion parameters were assessed in manually drawn regions of interest (ROIs), and only few studies examined entire WM bundles (18 -20) .
It was investigated whether fiber tracking parameters, i.e. diffusion parameters and volume and length of WM bundles passing through the PLIC and the corpus callosum (CC), in preterm infants at TEA were causally associated with neurodevelopment at 2 y corrected age, which was assessed with the Bayley Scales of Infant and Toddler Development, Third Edition (BSITD-III).
METHODS
Newborns admitted to our level three NICUs with a GA Ͻ 31 wk and who reached TEA between January 2007 and July 2008 were recruited for a prospective preterm cohort study performed in the Wilhelmina Children's Hospital in Utrecht, The Netherlands. Neonates with either dysmorphic features or an infection of their CNS were excluded. Of the 175 consecutively admitted neonates, 22 died in the neonatal period, no parental consent was obtained for 14 neonates, and 15 neonates were examined on a 1.5-Tesla system. MRI of the brain was acquired around TEA. Written informed parental consent was obtained for all included infants. This study was approved by the Medical Ethics Committee of the University Medical Center Utrecht.
Cranial ultrasound and MRI. Cerebral ultrasound was performed daily in the first week after birth and then once a week until discharge. They were evaluated by two independent researchers, who were unaware of the MRI findings and neurodevelopment. Periventricular leukomalacia (PVL) and the presence of an IVH were scored according to de Vries et al. (21) .
MRIs were performed on a 3.0-Tesla MR system (Achieva, Philips Medical Systems, Best, The Netherlands) using a eight-channel Sense head coil. The infants were sedated with 50 -60 mg/kg oral chloralhydrate. Heart rate, transcutaneous oxygen saturation, and respiratory rate were monitored during scanning. For hearing protection, Minimuffs (Natus Medical Incorporated, San Carlos, CA) were used. A neonatologist was present throughout the examination.
The protocol contained conventional sagittal T1-weighted imaging (repetition time (TR) ϭ 886 ms; echo time (TE) ϭ 15 ms; slice thickness ϭ 3.0 mm), axial 3D T1-weighted imaging (TR ϭ 9.4 ms; TE ϭ 4.6 ms; slice thickness ϭ 2.0 mm), and axial T2-weighted imaging (TR ϭ 6293 ms; TE ϭ 120 ms; slice thickness ϭ 2.0 mm). DTI was performed using a single-shot EPI sequence with diffusion gradients in 32 directions (TR ϭ 7745 ms; TE ϭ 48 ms; voxel size ϭ 1.41 ϫ 1.41 ϫ 2 mm; number of slices ϭ 50; FOV ϭ 180 mm RL; scan matrix ϭ 128; fold-over direction ϭ AP; b value ϭ 0 and 800 s/mm 2 ). MRIs were evaluated independently by two neonatologists with a special interest in neuroimaging, blinded to the results of the neurodevelopmental assessment. In case of disagreement, a third reader was consulted to achieve consensus. WM injury was scored as published previously [adjusted from Woodward et al. (22) ]. The WM score varies between 5 (normal) and 15 (severely abnormal) and was applied in the analysis as an indicator for WM injury.
DTI. In 118/124 (95.2%) neonates, DTI was performed at TEA. In the other six infants, DTI could not be performed due to time constraints. The quality of the DTI and the result of the tractography were assessed independently by two researchers and when needed, consensus was reached using the opinion of a third researcher. DTI data were analyzed using an in-home developed fiber tracking program (23) . Twenty-one datasets were excluded because of large artifacts in the FA colormaps, suggestive of motion, and three datasets because of sense artifacts. In the remaining 94 neonates, tractography was performed. The tracts through the left and right PLIC (denoted as "PLIC bundle") and the CC (denoted as "CC bundle") were identified primarily by the color-coded FA map. The PLIC and the CC bundles were chosen a priori because those structures are two of the most developed regions in the newborn brain and known to be affected by premature birth (24, 25) . For both PLIC bundles, one ROI was placed on an axial slice at the level of the foramen of Monro and the second on the adjacent slice above this landmark. For the CC bundle, two ROIs were placed on sagittal slices around the midplane of the CC. All fibers passing through both ROIs were traced. Fiber tracking was based on a line propagation technique, starting in every voxel in the brain and stopping for the "case linear " anisotropy index (Cl) Ͻ 0.12 [Cl ϭ ( 1 Ϫ 2 )/( 1 ϩ 2 ϩ 3 )] and maximum angle ␣ Ͼ 10°. Tracts were excluded from the analysis when it was visually estimated that more than 10% of the volume was artificially traced, e.g. due to corrupted data caused by motion. In 69/94 (73.4%) neonates, both PLIC and CC bundles were traced correctly and eligible for assessment. For these traced bundles, different fiber tracking parameters were extracted, i.e. mean FA, mean diffusivity (MD, in 10 Ϫ3 mm 2 /s), axial diffusivity (AD, 1 ; in 10 Ϫ3 mm 2 /s), radial diffusivity [RD, ( 2 ϩ 3 )/2; in 10 Ϫ3 mm 2 /s], and volume (in mm 3 ) and length (in mm) of the fiber bundles (25) . The volume of the bundle was defined as the volume of all voxels through which one or more fibers passed, and the average length of the bundle was defined as the average length of all fibers included in the bundle.
Neurodevelopmental outcome. At 2 y corrected age (mean 24.2 Ϯ 0.6 mo), all children were assessed with the BSITD-III by a single developmental specialist who was blinded to the MRI findings (26) . Only the cognitive and fine and gross motor subtests were used and not the language subtest due to the limited time the child was able to concentrate during one session. Both scaled scores of the three subtests as well as the cognitive and total motor composite scores were calculated corrected for prematurity (mean in a normative population: 10 Ϯ 3 and 100 Ϯ 15, respectively).
Data analysis and statistics. SPSS version 15 was used for the analysis. Linear regression was used to assess the relationship between the fiber tracking parameters and neurodevelopmental outcome. GA, birth weight (BW) Z score, WM score, IVH, and maternal education were considered to be possible confounders. In the multivariable linear regression analyses, it was assessed whether the associations between the fiber tracking parameters and neurodevelopment remained statistical significant after correction for the neonatal and maternal confounders. Analyses were performed for the total study population and additionally for boys and girls separately. In the analysis, DTI parameters were corrected for postmenstrual age at time of the scan. A p-value Ͻ 0.05 was considered statistically significant.
RESULTS
Of the 69 infants with evaluable fiber tracts in both PLIC and CC bundles, two infants were lost to follow-up at the corrected age of 2 y. Consequently, 67/69 infants were evaluated in this study (Table 1 ). There were no differences in neonatal parameters between boys and girls and between the children included in this study and children who were excluded because 3.0-Tesla DTI data were not eligible for evaluation. However, the excluded children were scanned at an slightly older age than the children in this study (41.9 and 41.5 wk, respectively).
Cranial ultrasound and conventional MRI findings. During the neonatal period, 35/67 (52.2%) neonates had PVL grade I on sequential cranial ultrasound examinations; however, cystic evolution was not seen in any of the infants. Eighteen infants were diagnosed to have a germinal matrix hemorrhage-IVH (Table 1) . Three neonates developed posthemorrhagic ventricular dilatation requiring intervention. The median WM score based on the MRI was 8 [range: 5 (normal) to 12 (moderately abnormal)].
Fiber tracking parameters. Figure 1 shows a representative example of fiber tracking in the whole neonatal brain. The results of the fiber tracking parameters are illustrated in Table 2 .
In boys, the average length was longer and the volume was larger for the CC bundle and left PLIC bundle compared with girls. However, only the differences in CC bundle length and PLIC bundle volume were statistically significant (p ϭ 0.014 and p ϭ 0.031, respectively).
Neurodevelopmental outcome. Table 3 shows the results for the cognitive, fine motor, gross motor, and total motor scores on the BSITD-III. The infants scored significantly better on the fine motor subtests than on the gross motor subtests (p Ͻ 0.001). There were no children who developed CP or had other major motor deficits at 2 y corrected age. ANOVA showed a main effect of maternal education on cognitive scores. Subsequent post hoc analyses showed that both infants of a mother with a low education or with middle education scored significantly poorer than infants of a mother who attended high education (p ϭ 0.019 and p ϭ 0.023, respectively). Girls demonstrated better cognitive scores than boys (p ϭ 0.045).
Fiber tracking parameters and neurodevelopment. Assessing the total study cohort, no relationships could be demonstrated between the fiber tracking parameters at term and neurodevelopment after correction for GA, BW Z score, WM score, IVH, and maternal education. However, boys and girls showed different associations between the diffusion parameters and neurodevelopment after correction for the neonatal variables and maternal education, as detailed below (Table 4 and Fig. 2) .
Corpus callosum bundle. Better cognitive and fine motor scores were seen in girls with larger CC bundle volume or bundle length at TEA (cognition: p Ͻ 0.01; fine motor score: p Ͻ 0.05). In boys, an association was found between the MD, AD, and RD of the CC bundle and gross motor performance (p Յ 0.05). After correction for GA, BW Z score, WM score, IVH, and maternal education, only the associations in girls between cognition and CC bundle volume and length remained statistically significant (Table 4) . No other relationships could be demonstrated between fiber tracking parameters in the CC bundle and cognition, fine motor, and gross motor scores.
Left PLIC bundle. Fiber tracking parameters in the left PLIC bundle were related to neurodevelopmental outcome only in boys. Better fine motor outcome was demonstrated in boys with a larger bundle volume, FA, and bundle length and lower MD, AD, and RD of the left PLIC bundle (p Ͻ 0.01). Gross motor performance was associated with MD, AD, RD, and length of the left PLIC bundle (p Յ 0.05). After correction for GA, BW Z score, WM score, IVH, and maternal education, only associations between fine motor scores and fiber tracking parameters in the left PLIC bundle were demonstrated, showing a more significant relationship with volume, FA, and bundle length than with diffusivity (volume, FA, and length: p Յ 0.055; MD, AD, and RD p ϭ 0.07-0.14; Table 4 ). No other relationships could be demonstrated between fiber tracking parameters in the left PLIC bundle and cognition, fine motor, and gross motor scores.
Right PLIC bundle. In girls, a positive association was found between right PLIC bundle volume and cognition (p ϭ 0.052) and a negative relationship between the length of the right PLIC bundle and gross motor outcome (p ϭ 0.019). In boys, a negative association was seen between the MD and RD of the right PLIC and fine motor outcome (p Յ 0.05). However, only the association between right PLIC bundle volume and cognition in girls remained statistical significant after correction for GA, BW Z score, WM score, IVH, and maternal education (p Ͻ 0.001; Table 4 ). No other relationships could be demonstrated between fiber tracking parameters in the right PLIC bundle and cognition, fine motor, and gross motor scores.
DISCUSSION
In this study, fiber tracking parameters in the CC bundle and both PLIC bundles at TEA were assessed in relation to neurodevelopment at 2 y corrected age in preterm infants born before 31 wk gestation. It appeared that both size of the bundles (i.e. length and volume) and their microstructural differences were related with outcome at 2 y corrected age. In girls, DTI parameters in the CC bundle demonstrated more associations with both cognition and motor outcome compared with parameters in both PLIC bundles. Nevertheless, in boys, most relationships were seen between DTI parameters in the left PLIC bundle and motor outcome.
To the best of our knowledge, this was the first study assessing fiber tracking parameters in the CC and PLIC bundles in preterm infants at TEA in relation to neurodevelopmental outcome. Fiber tracking in newborns is a major challenge because the signal to noise ratio is relatively small due to the smaller voxel size needed as a consequence of the smaller anatomic structures. Moreover, the higher water content and the lower degree of myelination result in lower FA values compared with adults (1, 27) . Nevertheless, we were able to implement this technique in a large sample of preterm infants at TEA. For girls, we observed higher CC bundle volume and bundle length at TEA in relation to better cognitive outcome at 2 y corrected age, which is in agreement with the literature. Only in female adults born prematurely, larger callosal size was demonstrated to be associated with better cognitive performance (28) . In addition, Kontis et al. (29) displayed that only in females, higher MD in the genu of the CC was associated with lower performance IQ in prematurely born young adults. It has been hypothesized that the greater interhemispheric connectivity in females facilitates cognitive performance while the processing is more bilateral. In contrast, males show a greater lateralization of cognitive functioning and therefore the interhemispheric connectivity may not affect their cognitive capacities (28) .
In the present study, fiber tracking parameters in the PLIC bundles were associated with motor outcome. These findings are in agreement with previous studies using DTI. Reduced FA values in the PLIC have been displayed in preterm infants at TEA compared with term born controls, and lower FA values assessed between childhood and (pre)adolescence were Values presented are the mean Ϯ SD. PLIC L, left posterior limb of the internal capsule; PLIC R, right posterior limb of the internal capsule; p, significance for the difference in fiber tracking parameters between boys and girls. SS, scaled score: mean in a normative population 10 with SD 3; CS, composite score: mean in a normative population 100 with SD 15; CA, corrected age, score corrected for prematurity; ChronA, chronological age, score uncorrected for prematurity. related to abnormal neuromotor outcome (14 -16,30,31) . In general, it is expected that a more mature brain, resulting in higher FA and Cl values due to more advanced myelination, is related to a better performance. With this fiber tracking method, higher Cl gives rise to longer length of the fiber bundles, as the anisotropy index Cl Ͻ 0.12 was a stopping criteria.
Boys demonstrated a larger volume and length of the CC and left PLIC bundle compared with girls, although only the differences in CC bundle length and left PLIC bundle volume were statistically significant. In preterm infants, larger gray and WM volumes at TEA were exhibited in preterm males compared with preterm females (32, 33) . Larger brain volumes seen in men could (partly) explain that we found larger volumes and length of the CC and PLIC in boys in the present study.
In this study, boys and girls displayed different associations between DTI parameters in the CC and PLIC bundles and neurodevelopment. It has been hypothesized that boys and girls demonstrate variations in brain development. Vasileiadis et al. revealed that girls had a larger cortical folding area compared with boys with similar brain volumes. They declared that the more "compact " female brain provided evidence for an early sexually dimorphic brain development (32) . The gender differences in brain morphogenesis considering the tension-based theory (34) could follow underlying microstructural variations detected, e.g. as tissue anisotropy. Variations in diffusion parameters reflect WM maturation, which depends on fiber organization, density, diameter, and myelination (5). Schmithorst et al. presented developmental differences in WM microstructure in healthy term born boys and girls at a mean age of 12 y. They hypothesized that a more constrained brain volume in females could be related to a lower fiber density. Therefore, girls may have a greater dependence on brain connectivity with more crossing fibers, resulting in lower FA and higher ADC values (12) .
Several studies support the hypothesis that sexual dimorphism in brain development could be related to differences in neurodevelopment. In healthy adults, women demonstrated a relationship between intelligence and both WM and callosal volume, whereas cognition in males was more related to gray matter volume (28, 35) . In preterm infants, sex differences in cerebral gray and WM were displayed at 8 y of age; however, only prematurely born girls demonstrated a positive correla- tion between gray matter/total brain volume ratio and cognitive measurements (36) . Male gender has been shown to be a relevant risk factor for an adverse neurodevelopmental outcome (37) . This may be aggravated by a more serious neonatal course. Moreover, in the present study, boys appeared to be sicker than girls, showing significantly lower Apgar scores and a longer ventilation period. The male-female differences in the associations between neuroanatomical variables, i.e. fiber tracking parameters, and neurodevelopmental outcome found in the present study may be related to differences in brain development and subsequent outcome between prematurely born boys and girls. Our results may indicate that the sexual dimorphism in WM maturation is already detectable in newborns, which supports the suggestion that it is important to take gender into account in DTI developmental studies (12) . This study is subject to several limitations. Fiber tracking in the neonatal brain is difficult due to the low degree of myelination and the high water content compared with the adult brain. Using fiber tracking, we were only able to assess the most mature WM structures. A remark has to be made regarding the limited DTI data available for this study. We were able to analyze only the DTI data of 59% of the infants in our study cohort. DTI is inherently sensitive to artifacts due to small patient movements. Although the infants were sedated and noise reduction was administered, it could not be prevented that some infants woke up during the DTI sequence, which was at the end of our 30-min scanning protocol. Nevertheless, in our relatively large study cohort, consisting of 67 preterm infants, we were able to display different associations for boys and girls between fiber tracking parameters at TEA and neurodevelopmental outcome at 2 y corrected age. In this study, we used fiber tracking parameters as "readout " for the neonatal period. Further research will be needed to determine the role of different potential risk factors for changes in the WM microstructure. Next, the BSITD-III reveals information concerning general cognitive, fine, and gross motor skills. More specific evaluation of tasks, which are processed by the CC and PLIC bundles, could have shown additional details to predict neurodevelopment in preterm infants. Finally, our results are limited to preterm infants due to the lack of a term born control group.
In conclusion, fiber tracking parameters at TEA in the CC and PLIC bundles were associated with neurodevelopmental outcome at 2 y corrected age. In female preterm infants, the CC bundle was the most important WM structure showing an association with cognitive, fine motor, and gross motor performance. In boys, fiber tracking parameters in the left PLIC bundle were related to fine and gross motor function.
